Abstract-The Thermal InfraRed Sensor (TIRS), an infrared (IR) radiometer developed at Centro de Astrobiología, is one the sensors that compose the Mars Environmental Dynamics Analyzer (MEDA) onboard NASA's Mars 2020 mission. It will measure the net thermal infrared radiation, reflected solar radiation at the surface, atmosphere temperature and surface skin brightness temperature using five different channels. The present paper provides a brief description on TIRS design and channels requirements. Then, a detailed presentation of sensor model equations and a sensitivity analysis to model uncertainties are included. Finally, accuracy and resolution calculus for each channel versus operational temperature is presented. The calculus is performed based on sensitivity equations and the estimated values for different uncertainties sources.
I. INTRODUCTION
The Mars Environmental Dynamics Analyzer (MEDA) is one of the seven instruments onboard the Mars 2020 rover mission [1] . MEDA is a suite of sensors designed to characterize the near-surface climate of Mars and prepare for human exploration by assessing the environmental conditions across the rover traverse [2] .
The Thermal Infrared Sensor (TIRS) is one of the six environmental sensors comprising MEDA [3] .The TIRS has been designed to characterize the net thermal IR radiation at the surface, record the surface skin brightness temperature, the near-surface atmosphere temperature and the reflected visible an near infrared (VIS-NIR) solar irradiance. In combination with other MEDA's sensors, TIRS will allow the quantification of the surface energy budget and the determination of key geophysical properties of the terrain such as albedo and thermal inertia.
The thermal characterization of Martian atmosphere-surface boundary layer (PBL) has been done by instruments on board of orbiters, like the IR camera THEMIS of the Mars Odyssey, or by in-situ measurements. Good examples are the rovers MERs with the spectrometer miniTES [4] , the contact sensor of the TECP probe contained in the Phoenix MECA instrument [5] , or the REMS-GTS pyrometer on board rover Curiosity of Mars Science Laboratory (MSL) [6] .
The principle of radiometric measurement of surface brightness temperature, or determination of soil mineralogy using thermopiles is a well proven concept which is applied at many space missions, e.g. at Thermal Mapper of the MultiPurpose Sensor (MUPUS-TM) on Rosetta Philae [7] , the REMS-GTS on MSL mission, the MASCOT radiometer MARA of the Hayabusa II mission [8] , or the HP3-RAD radiometer for the NASA InSight mission to Mars [9] .
Nevertheless, radiometers design for space applications implies challenges that occur with respect to the mass, size and power requirements. The necessity of operating in a remote and complex environment, form the thermal and dusty atmosphere points of view, are other important design considerations. Moreover, restrictions condition the usage of choppers or dust protection systems compromising radiometer performance [10] [9] .
Radiometers end of life (EoL) accuracy and resolution performances are difficult to measure or compute. It is not for nothing there is a few paper showing these results. Nevertheless, any physical variable measurement must be accompanied by accuracy and resolution figures. An example of these limitations is the performance analysis done for the radiometer MARA. In [11] authors provide a theoretical analysis of radiometer resolution for each channel, considering only thermopiles' amplifiers noise. However, authors do not study other sources of noise such us thermopiles thermal noise or reference temperature amplifiers noise. Contrary in [8] accuracy and resolution at beginning of life (BoL) are practically tested, using the calibration set up for functional or end to end test at different operational temperatures.
The MEDA-TIRS is designed and built under funding of Instituto Nacional de Técnica Aeroespacial (INTA), Plan estatal de I+D+I (ESP2014-54256-C4-1-R, ESP2015-68281-C4-1-R, ESP2016-79612-C3-1-R) and CDTI.
As a general rule, instrument functional or calibration tests are not able to recreate or operate the system under extreme operational conditions, such us different thermal scenarios, sun irradiance or atmosphere composition, pressure and dusty conditions. Usually, tests provide performance data at instrument BoL, being quite difficult testing at EoL, since instrument ageing or degradation as result of the operation is quite hard to recreate.
The approach followed in this paper for TIRS performance analysis makes use of a sensor theoretical-practical model that is differentiated to obtain sensitivity equations. These equations relate a change or drift in any specific model variable or constant with an equivalent change in the incoming IR irradiance or temperature we want to retrieve. Thus, any radiometer uncertainty source, whatever the way to obtain its value (test or theoretical modeling and analysis of sensor and electronics) is introduced in the sensitivity equations to compute radiometer global accuracy and resolution figures.
II. TIRS DESCRIPTION AND REQUIREMTNS
TIRS design is an evolution of the REMS GTS on board Curiosity Rover of Mars Science Laboratory [10] . TIRS sensor head unit shall be accommodated on rover remote sensing mast looking forward at a height of 1.5m, while active electronics parts are located in the Mars 2020 rover body. Sensor head has an approximate weight of 97g and a size of 58x63x58mm [3] .
TIRS IR transducers will be based on the thermopile TS-100 from IPHT [12] , with high heritage from REMS, MARA and HP3 instruments. Among thermopiles most important advantages are their capability of functioning at almost any temperature, small size, reduce cost, simple readout electronics, and sensitivity to all the IR spectra [13] . Thermopiles filter transmission bands have been selected to fulfill with the scientific purpose of each channel, see Table I . In the same way, channels pointing angles have been selected in agreement with scientific objectives as well as to avoid rover elements direct vision and to minimize rover thermal influence on the focused ground. The channels field of view (FoV) is fixed by design to ±10° and ±20° relative to pointing angles in the vertical and horizontal directions respectively. Thermopiles are located inside a mechanical structure denominated support plate that is thermally isolated from the TIRS housing, and protected from sun light direct incidence. This structure acts as a thermal inertia to stabilize detectors operating temperature, and thus increase the readout data accuracy. The support plate includes a couple of heaters that permits to keep constant detectors temperature during high performance operational mode. Its temperature is monitored by two resistance temperature detectors (RTD) that are used by heaters control system, as well as to estimate thermopiles' thermal gradients during in-flight calibration procedure [14] and the high performance mode.
Another important element in TIRS mechanical structure is the calibration plate, which is also used to the in-flight recalibration of some channels. This plate obstructs partially the thermopiles FoV, and making use of the two associated heaters, its temperature can be elevated during the calibration procedure. A RTD monitors its temperature and the readings are introduced in the target temperature or irradiance retrieval process. Table II summarizes TIRS channels requirements in terms of dynamic range, accuracy and resolution. These requirements have been stablished based on: MEDA high level scientific objectives, TIRS expected performance, and seasonal and diurnal evolution of targets irradiances and temperatures, obtained from Martian atmospheric models and records [15] [16].
III. TIRS MODELING

A. Measurement Principal
TIRS' thermopiles measure the net radiative flux exchanged between the sensing element or absorbing surface and the bodies around it: external as the target and calibration plate and internal as thermopile package inner surfaces [14] . The thermopiles' output voltage, Vout, is a representation of the temperature difference between the sensor package and the sensing element, which is in radiative balance with the target, and therefore influenced by its temperature or irradiance. Equation (1) shows the TIRS's channels mathematical model.
( 1) where:
S is the thermopile's responsivity in units V/W. It is a function of package temperature.
Ad is thermopile absorber area in m 2 .
Fs-e is thermopile external view factor.
α is the proportion of the thermopile external FoV covered by the target, while 1-α is the one covered by calibration plate.
σ is Stefan-Boltzmann constant.
Tcc is the thermopile package lid temperature (front part).
Tcb is the thermopile package socket temperature (rear part), acting as temperature reference.
ϕt is the incoming target IR flux, or the solar reflected irradiance for channel IR3 in W/m 2 .
ϕp is the incoming calibration plate IR flux in W/m 2 .
ϕcb is the leaving thermopile bolometer IR flux in W/m 2 .
IR fluxes are calculated according to Planck's law as follows:
where Tt is the target temperature.
Tp is the calibration plate temperature.
χ(λ) is the thermopile' filter spectral transmittance.
εp(λ) is the calibration plate spectral emissivity.
εt is the target average emissivity.
λ, K, h and c are Planck's law constants.
The radiometer measuring process consists on solving (1) for the physical variable of interest: ϕt for channel IR3, Tt for channels IR2 and IR5, and ϕt'=σ · Tt 4 obtained using Stefan Boltzmann law from the value of Tt for channels IR1 and IR4. In order to do that the rest of the variables or constant in (1) has to be measured or subjected to calibration.
B. Sensitivity Quoeficients Analysis
The main objective of this sensitivity analysis is to obtain a set of equations to relate a change or drift in any of the parameters of (1), that may be affected by noise or uncertainty in the measurement or calibration processes, with an equivalent change in the physical variable we want to retrieve. In order to do that, the first step is to take partial derivatives in (1) with respect to these parameters. Then, we linearized equation (1) around the working point (2): (2) where ΔVAmp_offset_noise and ΔG represent the offset, noise, and gain errors introduced in thermopiles' readout voltage by the electronics amplification and digitalization chain.
In the same way, a linearized model can be calculated for the physical variable of interest (3).
In order to convert target temperature variation into equivalent irradiance for channels IR1 and IR4, Stefan
Boltzmann law has to be differentiated Δϕt'=4·σ·Tt0 3 ·ΔTt. Thus, substituting in (3.1) we have: [17] .
Sensor model parameters directly related to thermopiles are affected by calibration uncertainties and degradation during operations. Thermopiles' responsivity determination, S, is altered by calibration set-up errors and ageing because of planetary protection instrument bake-outs, and thermal cycling during Martian operations and cruise phases. These errors are already known from REMS-GTS calibration set-up performance [18] , and TIRS thermopiles package qualification and validation (PQV) test results. On the other hand, thermopiles' view factor, F s-e, can be degraded as result of dust built up on its filters. In flight calibration algorithm performance in the identification of the degraded view factor is also known from REMS-GTS practical data [10] .
During Martian operations the thermopiles will have to operate in a thermally challenging environment. Mars 2020 rover remote sensing mast, where the TIRS is accommodated, is in general hotter than the Martian environment because of the rover thermal control system and its Radioisotope Thermoelectric Generator (RTG) effect. Additionally, Martian ground-atmosphere boundary layer, where TIRS is immersed, is subjected to diurnal and seasonal thermal evolution. This thermal environment is very difficult and costly to recreate inside a simulation chamber. Thus, to estimate thermopiles' package spatial thermal gradients, we have resorted to the thermal model analysis [19] , Fig. 2. Fig. 3 provides data for the diurnal evolution of thermopiles' package gradients. The maximum or worst case value (3σ) for the different thermopiles and operational conditions is 0.066K.
Thermopiles' noise figure is computed from manufacturer datasheet noise spectra density datum [12] and TIRS amplifiers bandwide, which is 150 Hz. Thermopile's amplification chain, Fig. 4 (top) , is based on the ultralow offset and zero drift chopper-stabilized operational amplifier, AD8628. A low frequency offset estimation system based on mechanical relays is also implemented. This system permits to measure thermopile voltage with positive and negative polarity, and in this way limits offset uncertainties to relay contact potential. Amplifier noise figure is mainly dominated by the first stage of the amplification chain. RTD's amplification chain, Fig. 4 (bottom) , is based on a multiplexing system, implementing a 4-wire resistance sensing architecture. To compensate offset and gain errors during Martian operations two calibration channels have been included, based on low drift and tolerance resistances as calibration references. Tests at ambient temperature and worst case analysis for the operational temperature range provide the merit figures of Table IV , for thermopiles and RTD amplifiers.
The last set of uncertainties is associated to TIRS calibration and support plate temperatures, Table V . RTDs calibration uncertainty is defined by sensor quality and its calibration method performance using a temperature controlled bath with a platinum resistance pattern. On the other hand there are spatial thermal gradients on support and calibration plates between the RTDs locations and the positions where T cb and Tp must be taken for each TIRS channel. We have resorted to TIRS thermal model [19] to estimate these two uncertainties. The diurnal evolution of these gradients for the worst hot case scenario can be seen on Fig. 5 and Fig.6 . Newly, maximus values represent 3 standard deviations of the uncertainty. 
V. TIRS ACCURACY AND RESOLUTION CALCULUS VS.
TEMEPRATURE
In this section, TIRS channels accuracies and resolutions figures are computed. Calculus uses the sensitivity equations of section III and the particular uncertainty and noise contributions of section IV. Finally, different contributions are added using quadratic sum of squares, and therefore assuming uncorrelated error sources.
The calculus is performed considering a nominal scenario for targets and TIRS temperatures and irradiances. Their values have been taken from the hot and cold thermal cases of the Mars 2020 environmental requirements document, Fig. 7 . From TIRS thermal model simulations for nominal operational mode, where no power is dissipated on calibration and support plates, it can be said that support and calibration plate temperatures, T cb and Tp, are almost equal, apart from the described thermal gradients. A summary of the thermal scenario for target temperatures and irradiances is described in Table VI .
Flight lot thermopiles have not been calibrated and assembled yet, so nominal values have been assumed for their corresponding sensor parameters, Table VII. Filters spectral transmittance have been obtained from test using a photo spectrometer [3] . For the mathematical computation of the Plank's law integral inside filter transmission band a sixth order polynomial has been used. The order of the polynomial has been selected to achieve an equivalent temperature fitness error bellow 0.01 K. 11 show TIRS channels expected performance versus temperature, as result of the previously described computation methodology. Accuracies at BoL and EoL, and resolution figures are expressed as one standard deviation (1σ) of the uncertainty or noise equivalent temperature or irradiance, to be directly compared with requirements. As conclusion it can be said that results are compliant with their respective requirements for most of the operational temperatures. Exceptions are channel IR2 at BoL and EoL, and IR5 at EoL for temperatures below -50ºC and -85ºC respectively.
Figure 12 is dedicated to show separately bias and gain uncertainties contributions to channels IR2 and IR5 accuracies. Differences between channels are easily observable. For channel IR2 bias errors contribution is much more important than gain errors. This fact brings to light the smaller requirements imposed to in-flight calibration algorithm performance for this channel. On the other hand IR5 accuracy is mainly dominated by gain errors, being in-flight calibration algorithm performance an essential factor in the IR5 accuracy.
Al last, Fig.13 shows an example of IR3 and IR4 channels' accuracy values due to specific uncertainty sources. Results point out for channel IR3 that support plate's RTD amplifier bias error contribution is small than the uncertainty associated to the thermopiles' spatial thermal gradient all over the operational temperature range. Contrary, IR4 accuracy is clearly determined by support plate's RTD amplifier bias error, especially for the higher operational temperatures. However, for this same channel thermopile's spatial thermal gradient contribution takes on relevance for lower temperatures. VI.
CONCLUSIONS
The proposed methodology permits to analyze the influence of any particular error source in a radiometer global performance, as well as add all the different sources of error to calculate accuracy and resolution figures. Sensor performance at BoL and EoL can be easily computed, as well as its evolution versus operational temperature. These methodology capabilities are crucial during the radiometer requirement specification and design phases. Another advantage is the possibility of relaxing the complexity of test set-up for functional verification. Partial test results can be introduced in the model and its contribution to global performance can be extrapolated. The necessity of performing complex tests, recreating conditions such as atmosphere composition or rover thermal environment, is therefore partially avoided.
TIRS accuracy and resolution figures are provide for the nominal operational mode. The computation is based on the current best estimate values for uncertainty and noise figures, assuming uncorrelated error sources and gaussian statistical representation for the different variables. In general terms, results show the fulfilment of high level requirements, with some exceptions for specific channels, operational live and temperature. Figures display that each particular uncertainty source exhibits different contributions to accuracy and resolution depending on specific TIRS channel filter transmittance and target temperature. As a general rule, colder targets and narrower thermopiles' bandpass filters imply poorer performances. It is also shown the important contribution to accuracy of thermopiles' spatial thermal gradients.
A deeper analysis of TIRS thermal model results indicates that the diurnal temperature evolution of TIRS support plate is directly transformed in spatial thermal gradients in the thermopile package. This happens as the result of the heat transfer between both elements, through the thermopiles' base, and because of the poor thermal conductivity properties of thermopile's stain-steel package. It is straightforward to infer that thermopiles spatial gradient may be minimized, keeping constant the temperature of the support plate by means of acting on the associated temperature control system in the high performance operational mode. Nevertheless, driving power to support plate heaters creates spatial gradients on support plate and thermopiles' packages. Fortunately, these gradients can be estimated and compensated by means of calibration.
In most of the cases, present error sources and therefore accuracy and resolution figures are considered preliminary. As future work, tests with engineering models of TIRS and amplification electronics will be used to verify accuracy and resolution results for specific test conditions, updating and validating uncertainty source values. This is the case of the error associated to dust deposition, and its compensation by the in-flight calibration algorithm, or the TIRS thermal model predictions that have to include an analysis for the high performance operational mode.
Additionally, the proposed model should be updated to consider a gain error source as result of the uncertainty in the measurement of thermopiles reference temperature, leading to uncertainty in thermopile responsivity. Equally, some error values and model parameters have to be particularized for each channel, e.g. support and calibration plate spatial gradients, thermopiles responsivity or the inflight calibration algorithm performance. Finally, calculus for other target temperature and irradiance scenarios, considering different environmental conditions, such us atmospheric dust opacity, ground thermal inertia, albedo or annual season will be studied too.
